Purpose of Review This review summarizes studies into the permissive role of T cells in the bone catabolic effects of hyperparathyroidism and parathyroid hormone (PTH). Recent Findings Work in animals combined with recent translational studies in humans now highlight the potent amplificatory action of T cells on PTH-induced bone resorption. Mechanistic animal studies reveal a complex pathway by which PTH exploits natural self-renewal functions of CD4 + T cells, to drive TNFα production that promotes formation of IL-17A secreting Th17 T cells. TNFα and IL-17 further amplify osteoblastic receptor activator of NF-κB ligand (RANKL) production and down-modulate osteoprotegerin (OPG), establishing conditions propitious for osteoclastic bone resorption. Summary These findings are consistent with, and add to, the traditional view of PTH-induced bone loss involving only osteoblast-lineage cells. T cells potently amplify traditional pathways and provide permissive costimulatory signals to bone marrow stromal cells, facilitating the development of an increased RANKL/OPG ratio favourable to bone resorption and bone loss.
Introduction
Parathyroid hormone (PTH) plays a key regulatory role in calcium metabolism, defending the body against hypocalcemia. Serum calcium is regulated across a narrow range, typically between 2.1 and 2.7 mmol/L [1] and even small decrements in serum ionized calcium elicit a compensatory response in the form of PTH secretion. PTH acts to replenish serum calcium through mobilization of skeletal calcium stores by stimulating the differentiation of osteoclasts and thus promoting bone resorption. PTH further enhances the tubular reabsorption of calcium and stimulates the kidneys to produce 1,25-dihydroxyvitamin D3 (vitamin D) [2] . However, a sustained overabundance of PTH leads to persistent skeletal catabolism that ultimately depletes the skeleton of bone mineral density (BMD) setting the stage for the development of osteopenia and osteoporosis [3] .
The mechanism by which PTH promotes osteoclast differentiation is complex and involves multiple cell types, including bone marrow stromal cells (BMSC), the osteoblast progenitors, osteoblasts and osteocytes, and multiple cytokine mediators [4] [5] [6] .
Paradoxically, in contrast to continuous high dose PTHinduced bone loss, daily injections in humans of an active fragment of human PTH, known as Teriparatide, stimulates bone formation in both the trabecular and cortical bone compartments, increasing bone volume and strength and reducing This article is part of the Topical Collection on Osteoimmunology * M. Neale Weitzmann mweitzm@emory.edu the risk of fractures in humans. Teriparatide is the only available anabolic agent for fracture prevention [7, 8] . The anabolic properties of PTH can be mimicked in rodent models by daily intermittent administration of PTH (iPTH) [9] . However, because this is a purely therapeutic modality and anabolic PTH has not been implicated as a driver of parathyroid bone disease, this aspect will not be further discussed in this review. Interestingly, a tremendous degree of integration has been found to exist between the immune system and the skeleton, an immuno-skeletal interface (ISI). The ISI comprises cells and cytokine effectors with functions, albeit different, shared between the immune and skeletal systems [10, 11] . Under baseline conditions, B cell progenitors and mature B cells (professional antigen presenting cells (APC) and key component of humoral immunity) secrete large concentrations of osteoprotegerin (OPG) [12] , a physiological decoy receptor and inhibitor of the key osteoclastogenic cytokine receptor activator of NF-κB ligand (RANKL). CD4 + T cell subsets are key regulators of other adaptive immune cells including B cells and function to regulate the production of OPG from B cells. This is achieved through cytokine production as well as costimulatory interactions between the T cells and B cells. One important costimulatory interaction by which T cells regulate B cell OPG production involves ligation of CD40 ligand (CD40L) on the T cell with its receptor CD40 expressed on the B cell [12, 13] . T cells, by controlling B cell OPG production and hence the balance of a c t i v e R A N K L , c o n s e q u e n t l y, r e g u l a t e b a s a l osteoclastogensis and bone resorption [12] .
Because of the dependency of the skeleton on factors produced by immune cells, pathological immune imbalance has consequences for basal bone turnover. For example, in the case of T cell immunodeficiency caused by HIV infection, a decline in B cell OPG (and increase in RANKL) leads to an elevated RANKL/OPG ratio favourable for osteoclastic bone resorption and bone loss in HIV animal models [14] and in HIV-infected humans [15] .
It is further recognized that disruption of the ISI plays a significant role in bone loss associated with models of common osteoporotic maladies including oestrogen deficiency bone loss, rheumatoid arthritis, periodontal infection (a leading cause of tooth loss) and immune regeneration associated with antiretroviral therapy used in HIV treatment [10] . This is because activated T cells and B cells secrete RANKL and other inflammatory cytokines such as TNFα and/or IL-17A that upregulate RANKL on other cells, typically cells of the mesenchymal lineage including BMSC, osteoblasts, osteocytes and synovial fibroblasts [16] [17] [18] [19] [20] .
Another pathological condition that has recently been recognized to involve a disturbance within the ISI is hyperparathyroidism (PHPT). Although a putative role for T cells in hyperparathyroid bone loss was recognized almost two decades ago [21•] , it is only relatively recently that these observations have been validated and the mechanisms involved investigated and elucidated. This review will examine historic and recent evidence for a role of T cells in the catabolic activity of PTH on the skeleton.
Primary Hyperparathyroidism
Pathological over-secretion of PTH is typical of several conditions including primary hyperparathyroidism, the result of direct over secretion of PTH by the parathyroid glands. PHPT is the most common cause of hypercalcemia and affects at least 1 in 1000 persons [1] . Although hypercalcemia may not always be present, PHPT is typically detected by hypercalcemia with increased, or inappropriately normal, plasma PTH [22] . The incidence of PHPT is low in younger populations and similar in men and women prior to 45 years of age. PHPT peaks in the elderly with most cases (74%) occurring in women in their 70s [1] . In the majority (80 to 85%) of cases, PHPT is associated with a benign single adenoma. More rarely (in 10 to 15% of cases), a four-gland hyperplasia underlies the disease [1] . Current guidelines for PHPT treatment recommend parathyroidectomy as the only curative approach to this disease [22] . Because most patients with primary hyperparathyroidism are asymptomatic at the time of diagnosis [1] , there is a potential for significant skeletal damage to accrue if PHPT ensues for long periods of time prior to diagnosis and therapeutic resolution.
Secondary Hyperparathyroidism
Another common cause of PTH overexpression that leads to bone damage is secondary hyperparathyroidism (SHPT), a compensatory response of the body to serum hypocalcemia. In generally healthy people, hypocalcemia may result from inadequate dietary calcium, but in sick or elderly populations, hypocalcemia is frequently the result of malabsorption of calcium in the small intestine. One common cause of compromised calcium absorption is insufficiency (21 to 29 ng/mL) or deficiency (<20 ng /mL) in vitamin D, a hormone that plays a vital role in enhancing the efficiency of calcium absorption in the gut [2] . Establishment of secondary hyperparathyroidism in both aged men and women, as a consequence of declining vitamin D levels and diminished calcium absorption in the gut associated with natural ageing, may underlie in part, the development of senile osteoporosis which drives bone loss in the aged [23] .
Mechanisms of Hyperparathyroid Bone Loss
Hyperparathyroidism in humans is commonly mimicked in rodents, most often rats or mice by continuous infusion of PTH by means of implantable osmotic minipumps, a treatment modality referred to as continuous PTH (cPTH). In mice, cPTH leads to increased osteoclast formation and increased bone resorption that causes both cortical and trabecular bone loss [24•] . PTH drives osteoclast formation by stimulating production of the key osteoclastogenic cytokine RANKL from cells of the mesenchymal-lineage, particularly osteoblasts and osteocytes [4] [5] [6] 25] . PTH further augments the bioactivity of RANKL by decreasing the osteoblastic production of OPG, the physiological decoy receptor and antagonist of RANKL [4, 25] .
The Role of T Cells in PTH Bone Loss
Interestingly, almost two decades ago, investigations into parathyroid bone loss involving transplantation of human parathyroid glands into immunocompromised mice revealed that T cell deficient nude mice were spared from bone loss, suggesting a possible role of T cells in the mechanism of PTH action [21•] . These data, however, conflicted with a previous study in which transfected tumours that overexpressed a PTH receptor agonist, parathyroid hormone-related protein (PTHrP), was found to induce hypercalcemia and bone resorption in nude mice [26] . These differences in outcome may have been a consequence of higher levels of PTHrP achieved in the transfected tumours, compared to human tumour explants, thus, driving bone resorption independently of the amplificatory effect of T cells [3] . Another consideration is that nude mice have an incomplete T cell deficiency and recover T cells over time. Partial T cell repopulation may have further contributed to the discrepancies between studies.
To revisit the role of T cells in PTH-induced bone resorption, we made use of a more advanced animal model. T cell receptor β (TCRβ) knockout (KO) mice are a strain that completely lack αβ T cells, the major population of T cells in the bone marrow. To validate a requirement for T cells in PTH-induced bone resorption, we mimicked hyperparathyroidism using cPTH administration in mice. While cPTHinduced osteoclast formation, bone resorption and cortical bone loss, in wild type (WT) mice, TCRβ KO mice lacking T cells were protected from these events [27•] .
Mechanistically, cPTH was found to stimulate T cell production of TNFα, a potent inflammatory cytokine that amplifies the osteoclastogenic and bone resorptive activity of RANKL. TNFα synergizes with RANKL at the signal transduction level [19, [28] [29] [30] and further increases the production of RANKL by BMSC and osteoblasts [31] . The importance of TNFα to the bone loss associated with cPTH was demonstrated by studies involving TNFα KO mice that were protected from bone resorption and bone loss following cPTH adminis- 
T Cell Expressed CD40 Ligand Transduces T Cell Signals to Osteoblasts
The finding of a role for T cells in cPTH-induced bone resorption is not inconsistent with the traditional role of osteoblastlinage cells in PTH-induced bone loss, because T cells provide proliferative and survival cues to BMSC thus sensitizing them to PTH. This process involves ligation of CD40L, a T cellexpressed costimulatory molecule, with its receptor CD40 on BMSC. This intensifies expression of RANKL and diminishes expression of OPG. This sensitization of BMSC by T cellexpressed CD40L was demonstrated by studies in which ablation of CD40L on T cells blunted the bone catabolic activity of cPTH, leading to diminished number of BMSC, a decline in RANKL to OPG ratio and reduced osteoclastogenic activity [27•] . Importantly, a critical link between T cells and BMSC was localized to T cell TNFα secretion. In vitro, purified BMSC treated with TNFα showed a significant increase in expression of CD40 transcript. Consistent with an in vivo role of T cell TNFα production in cPTH bone loss, T cell conditional deletion of TNFα led to a decreased ability of cPTH to upregulate CD40 expression and a relatively lower RANKL/ OPG ratio in BMSC exposed to cPTH [24•] .
Interestingly, it has been reported that in vitro activated Th2 (but not Th1) T cells are also a source of PTH that in coculture experiments can regulate the differentiation of osteoblasts and their expression of RANKL and OPG [32] .
Taken together, these studies suggest that T cells, T cell TNFα production and T cell-expressed CD40L play an essential permissive role in cPTH-induced bone loss by a mechanism involving support of BMSC proliferation, life span and function [24•, 27 •].
cPTH Bone Loss Involves Direct PTH Receptor Signalling in T Cells
PTH promotes bone resorption by binding its receptor PTH/ PTHrP receptor (PPR or PTHR1). PPR is expressed on multiple cell types including osteoblast lineage cells, BMSC and osteoblasts [4] and terminally differentiated osteoblasts, the osteocytes [5, 6] . Interestingly, T cells have also been shown to express PTH receptors [32] [33] [34] .
To determine whether PTH directly regulates T cell TNFα production by binding to PPR on the T cell, PPR was conditionally deleted on T cells by crossing T cell-specific Lck-Cre and PPR-floxed mice [24•] . Conditional ablation of PPR on T cells prevented cPTH-induced bone loss confirming a direct effect of PTH on the T cell.
Role of IL-17A in cPTH Bone Loss
Th17 cells are a specific CD4 + T helper subset that are characterized by high levels of IL-17A secretion [35] . IL-17A is an effector cytokine that mediates potent osteoclastogenic activity, and like TNFα, functions by stimulating the production of RANKL from osteoblastl i n e a g e c e l l s [ 1 6 , 1 7 ] . I L -1 7 A i s n o t d i r e c t l y osteoclastogenic as direct interactions between osteoclast progenitors and RANKL producing cells such as osteoblasts is required for IL-17-induced osteoclastogenesis [16] . Furthermore, IL-17A promotes RANK expression on monocytes increasing the number of osteoclast precursors and thus of RANKL responsive cells capable of differentiating into osteoclasts [36] .
Th17 and IL-17A has further been implicated in cPTH bone loss. Treatment of mice with a neutralizing anti-IL-17A antibody blocks cPTH-induced bone loss in mice and prevents RANKL production by osteoblast-lineage cells [37•] . Additional evidence was provided by lack of osteoclastic bone resorption and bone loss in response to cPTH in IL-17A receptor KO mice [37•] . These data are consistent with the role of TNFα production by T cells in the cPTH response as TNFα itself is an inducer of Th17 differentiation. Indeed, transplantation of TNFα null T cells into TCRβ KO mice prevents the expression of IL-17A in T cells in response to cPTH confirming that the production of TNFα by T cells is required for cPTH to expand Th17 cells [37•] .
As cPTH enhances the sensitivity of naive CD4 + cells to TNFα via GαS/cAMP/Ca 2+ signalling, conditional deletion of GαS in CD4 + cells as well as administration of diltiazem, a calcium channel blocker each prevent expansion of Th17 cells and prevent cPTH-induced bone loss [37•] .
Importantly, translational human studies have indeed confirmed that IL-17A is upregulated in human patients with PHPT and normalized by parathyroidectomy [37•] .
IL-17A production by Th17 cells is now also considered to play a central role in the bone resorption and bone loss associated with autoimmune arthritis, a model of rheumatoid arthritis [38•] and oestrogen deficiency induced by ovariectomy in mice, a model of postmenopausal osteoporosis [17, 39] .
Role of Antigen Presentation in cPTH Bone Loss
The ability of T cells to sensitize BMSC to cPTH through CD40L begs an interesting question. As CD40L is a T cell surface receptor expressed by activated T cells, these findings suggest that PTH either promotes T cell activation or that PTH targets activated T cells. Briefly, T cells are physiologically activated through antigen presentation by a pathway often referred to as the "dual signal hypothesis". This involves two signals exchanged between the T cell and the APC. The first signal is antigen-specific and involves engagement of the T cell receptor (TCR) with a peptide antigen which is presented by the APC as a major histocompatibility (MHC) complex. MHC class I (MHCI)-bearing antigens present to CD8 + T cells, while MHC class II (MHCII) complexes present to CD4 + T cells. TCR engagement with antigen alone does not drive activation but initiates an anergic signal that without ratification commits the T cell to an anergic or antigen-specific unresponsive state. T cell activation requires a second costimulatory signal delivered by the APC that is antigen-nonspecific and directed via CD80/CD86 ligands to the CD28 receptor on the T cell. Upon delivery of the costimulatory signal T cell undergoes full activation, proliferation and differentiation. CD4 + cells differentiate into T helper (Th) subsets, while CD8 T cells differentiate into active cytotoxic effectors. Interruption of the CD28 signal is accomplished physiologically through the costimulation inhibitor, cytotoxic T-lymphocyte associated protein 4 (CTLA4), a competitive inhibitor of CD80/86 and a product of activated T cells and regulatory T cells (Tregs). CTLA4 production is a necessary regulatory step involved in quieting and ultimately terminating T cell responses after resolution of the immune challenge. T cell anergy may also be achieved pharmacologically, through administration of CTLA4-immunoglobulin (Ig), a fusion protein between CTLA4 and a human Ig chain. CTLA4-Ig is FDA approved for the treatment of rheumatoid arthritis [10, 40, 41] .
To investigate the need for antigen-mediated T cell activation in the mechanism of cPTH-induced bone loss, we injected cPTH-treated mice with CTLA4-Ig and reported that resorption and loss induced by cPTH treatment was prevented by CTLA4-Ig. Furthermore, silencing of either MHCI-or MHCII-mediated antigen presentation to the TCR using OT-I or OT-II TCR transgenic mice, strains bearing TCRs with reactivity to ovalbumin, an antigen not endogenously present in mice, likewise prevented bone resorption and cortical bone loss induced by cPTH treatment [42•] . Because T cell activation is necessary for CD40L expression by T cells, and CD40L is required to prime BMSC to respond to PTH for full bone catabolism [27•] , these data support a role of T cell activation and of antigen-driven processes in the mechanism of action of PTH.
Interestingly, although antigen presentation is necessary for PTH-induced bone catabolism, our studies show that PTH does not itself induce T cell activation or CD40L expression directly [27•] . This suggests that PTH appropriates otherwise activated T cells to effect bone resorption. However, under normal healthy conditions, T cell activation state is generally low. However, it is recognized that T cell survival and renewal of naive and memory T cells involves "tickling" reactions with MHC bound selfantigens generating persistent weak antigenic responses. These events are necessary for maintaining a diverse population of T cells but importantly are low grade and do not initiate robust immune reaction characteristic of pathological antigenic responses [40, 43] . We thus believe that these homeostatic T cell responses to weak physiological antigens are crucial to the ability of PTH to appropriate these weakly activated T cells to affect bone catabolic function.
Conclusions
A decade of mechanistic studies reveal interesting new pathways involving T cells that, while consent with the traditional view of PTH-induced bone loss, significantly expand the mechanisms involved. Accumulated evidence now suggests that T cells are permissive and necessary for cPTH-induced bone resorption, as T cells provide costimulatory signals that condition osteoblast-lineage cells to respond aggressively to cPTH signalling. In response to cPTH, T cells further secrete inflammatory cytokines including TNFα and IL-17A that drive up the RANKL/OPG ratio by stimulating RANKL production and suppressing that of OPG. Conditional ablation of T cell TNFα or of IL-17A prevents PTH bone loss in mice, as does disruption of T cell costimulation with osteoblast-lineage cells. Finally, ablation of PPR in T cells further mutes PTHinduced bone catabolism signifying that T cells are direct targets of PTH signalling. This immunocentric model is represented diagrammatically in Fig. 1 .
Human translational studies have been lagging; however, recent work has indeed validated elevated serum levels of IL-17A in human patients with PHPT and its normalization following parathyroidectomy. Additional human studies are urgently needed, and once other aspects of the model are validated, there is a significant potential for examination of new therapeutic targets for the treatment of bone loss secondary to hyperparathyroidism, including targeting of TNFα, IL-17A and + T cell initiates (2.) production of TNFα, a cytokine that binds to a Type I receptor (TNFRI) and promotes differentiation of the T cell into (3.) a Th17 helper cell secreting IL-17A. (4.) Both TNFα and IL-17A bind to receptors (TNFRI and IL-17R respectively) on BMSC, osteoblasts and osteocytes. (5.) TNFα further binds to osteoclastic cells amplifying RANKL activity on the differentiating osteoclast and stimulating bone resorption. (6.) TNFα and IL-17A promote production of RANKL and suppress production of OPG, the RANKL inhibitor, creating a balance of RANKL to OPG favourable to increased osteoclastic differentiation. (7.) TNFα further upregulates expression of CD40 on BMSC allowing a costimulatory signal to be transduced from the T cells through expression of CD40L. This signal primes the osteoblast to further respond to direct PTH stimulation to ensure robust RANKL production. (8.) RANKL binds to its receptor RANK on osteoclast lineage cells causing osteoclast precursor differentiation and fusion into mature osteoclasts that resorb bone leading to bone loss. Model adapted from Li et al. [37•] of T cell costimulation pathways. Finally, these studies add to our knowledge of the ISI and the field of osteoimmunology that continues to evolve in unexpected directions.
